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resource for thermal spas and water parks and most recently for an incipient geothermal energy industry. However, at present only limited understanding exists regarding the causal mechanism for this resource. As part of a multi-disciplinary study of this significant region, we have carried out an initial survey of radioactive heat production in its rocks, using a portable gamma ray spectrometer of modern design ('Gamma Surveyor II'; GF Instruments S.R.O., Brno, Czech Republic; for details see, e.g., www.gfinstruments.cz/version_cz/downloads/GMS_II.pdf). Relatively little has been published on the results obtainable by use of modern equipment of this type, which offers several advantages, in terms of data quality and ease of use, over older equipment based on similar principles, which came into use decades ago (see below). We are not aware of any previous work of this type in the present study region, although Lexa et al. (1999) summarized airborne gamma ray spectrometry results in part of the region. We shall first summarize relevant background information on the study region. We shall then explain the technique used in the field and present the results obtained by using it. We conclude by discussing the implications of these results for the geothermics of the study region, addressing the zoned composition and vertical extent of the studied igneous bodies.
2…Background on the study region
The continental crust of Slovakia, forming part of the modern ALCaPa (Alpine-Carpathian-Pannonian) block (Fig. 2) , has had a long and complex tectonic history. Distinct crustal provinces, or terranes, which experienced independent histories of plate motion during the Palaeozoic, have been recognized within this block (e.g., Plašienka et al., 1997) . In general terms, the crust now forming this region is thought to have rifted from Gondwana during the Lower Palaeozoic and accreted against the ancestral Eurasian continent, Laurussia, during the Variscan orogeny. It separated from this continent in the early Mesozoic as a result of the opening of the Ligurian-Piemont ocean, or rather its eastern continuation known as the Vahic-Pieniny ocean, becoming part of the Apulian continent (also known as Adria) within the Neotehyan realm. The subsequent (Late Cretaceous and Cenozoic) convergence between Africa and Eurasia initially involved subduction of the Ligurian-Piemont-Vahic-Pieniny ocean beneath Apulia / Adria. By the Oligocene, when the continental collision between Africa and Eurasia began in the central Alpine region, a remnant of the former ocean, known as the Carpathian Embayment or 'Carpathian Ocean', persisted farther east. Continued convergence between Africa and Eurasia was accommodated by right-lateral strike-slip faulting on the west-east-trending Peri-Adriatic Fault Zone and its eastern continuation, the Mid-Hungarian Fault Zone, accompanying eastward extrusion of the continental crust, derived from Apulia / Adria, forming the Austroalpine zone of the Alps and its eastward continuation, the AlCaPa block, to the north of this fault zone (Fig. 2 ). This eastward movement was accommodated by subduction of the Carpathian Ocean beneath the AlCaPa block, which itself resulted in eastward extension (i.e., 'backarc extension'), creating the extensional Pannonian Basin that is mostly located in Hungary but continues northward into southern Slovakia, and also causing the subduction-related magmatism in the CSVZ. Further details beyond this summary account are provided in a copious literature (e.g., Stegena et al., 1975; Royden et al., 1983; Szabo et al., 1992; Plašienka et al., 1997; Szafián et al., 1997; Konečný et al., 1999; Stampfli et al., 2001 Stampfli et al., , 2002 Von Raumer et al., 2002 , 2003 Bielik et al., 2004; Schmid et al., 2004; Alasonati-Tašárová et al., 2009; Handy et al., 2014; Broska and Petrík, 2015; Horváth et al., 2015) . The formerly distinct crustal provinces or terranes, which sutured together before and during the Variscan orogeny to form the modern AlCaPa block, include the Tatra-Fatra Belt and the Vepor Belt (e.g., Plašienka et al., 1997) . Figure 5 depicts a summary Bouguer gravity anomaly map for a swathe through this region. It is thus apparent that the principal gravity effect is the north-south increase in Bouguer anomaly. Many workers (e.g., Bielik et al., 1991; Bielik, 1999; Alasonati-Tašárová et al., 2009) have explained this as a consequence of the transition from thickened crust in the Carpathian Mountains to the north to thinned crust in the centre of the Pannonian Basin to the south, as a result of the Cenozoic plate-tectonic processes summarized above (cf. Fig. 2 ), the principal contributing factor being the southward decrease in Moho depth. Superimposed onto this regional-scale effect are more localized anomaly patters including variations associated with the Štiavnica and Javorie uplands. We will present a summary analysis of these patterns in relation to the structure and thermal state of these uplands (see below, section 5.4).
Figure 5 here: regional gravity anomaly map
Many workers have reported background information on the regional geothermics of Slovakia, including heat flow measurements, maps of surface heat flow, and modelling to determine temperatures at depth (e.g., Boldizsár, 1964; Lizoň, 1975; Čermák, 1977 , 1979 Bielek et al., 1991 Bielek et al., , 2010 Franko et al., 1995; Zeyen et al., 2002; Dérerová et al., 2006) . The works on subsurface temperature modelling have evidently incorporated the effect of radioactive heat production in different crustal layers, but have not made clear what values they used or on what measurements they are based; in some cases, inaccessible unpublished documents are cited, which presumably contain this information. The initial starting point for the present analysis was the accessible Čermák (1979) publication, which documented all geothermal data then available from the present study region (Table 1) , including a heat flow measurement in the Banská Štiavnica area, from the Klinger Kratka mine ( Fig. 6(a) ), thus demonstrating the local high heat flow that the present analysis seeks to explain. We also consulted the less accessible 'Atlas of Geothermal Energy in Slovakia' by Franko et al. (1995) . This reports a much denser network of subsurface temperature and heat flow measurements (Table 2 ; Fig. 6(b) ), from which modern maps of surface heat flow (such as that in Fig. 4 ) confirm the local heat flow 'high' around Banská Štiavnica, ~40 mW m -2 above the regional 'background'. We note, nonetheless, that there are many discrepancies between these two data sources (e.g., those listed in Table 1 ), resolution of which is beyond the scope of the present study.
Figure 6 here: local details
The principal research targets of this study are the Middle Miocene igneous rocks forming the aforementioned Štiavnica and Javorie uplands (Figs. 3, 6) . Covering a ~2200 km 2 area, the igneous complex emplaced by the 'Štiavnica Stratovolcano' is the largest to have developed as a result of the Late Cenozoic subduction along the Carpathian arc. The structure and stratigraphy of this igneous complex were established in many works in the local literature (e.g., Konečný and Lexa, 2001) , an accessible summary in English aligned with a quantitative chronology having been provided by Chernyshev et al. (2013) . At a late stage in this subduction-related magmatism, the rocks experienced pervasive hydrothermal activity associated with metalliferous mineralization, primarily for silver but also including gold (e.g., Bauer, 1999; Bahna and Chovan, 2001; Kodera et al., 2001 Kodera et al., , 2004 Kodera et al., , 2014 Bella et al., 2010 Bella et al., , 2016 . This region, in particular the surroundings to the medieval town of Banská Štiavnica, indeed formed one of the principal sources of precious metals in Europe for many centuries (e.g., Valderrama and Pérez-Pariente, 2012; Herčko et al., 2014; Karsten, 2015) . As a result of this history, including the region's contribution to the industrial revolution, it has been designated as a World Heritage Site (UNESCO, 1993) . In contrast, the present-day local economy depends largely on tourism (e.g., Darulová, 2010) , including the utilization of thermal water in spas (e.g., Fričovský et al., 2016) . Like the mining, some of the region's thermal spas are
The Štiavnica upland covers a ~30 km by ~30 km area, centred around Banská Štiavnica. Its highest point is the summit of the mountain Sitno, ~6 km south of this historic town, reaching 1009 m above sea-level, with many other summits between 800 and 900 m. The western half of this upland is drained by several short rivers, which flow westward into the River Hron along deeply entrenched valleys; these include the Hodrušsky Potok, which joins the Hron at Žarnovica (Figs 1, 6(a) ). The Hron is one of the principal left-bank tributaries of the Danube, with a confluence at Šturovo (Fig. 1) ; it falls from ~240 m above sea-level at Žiar nad Hronom to 214 m at Žarnovica and ~195 m at Nová Baňa. The less rugged eastern part of the upland drains southward via the River Štiavnica and its tributaries ( Fig. 6(a) ). The Štiavnica joins the Ipeľ near Šahy (Fig. 1) ; the latter river, another major Danube tributary, continues southward, delineating the SlovakiaHungary border, to its confluence with the Danube downstream of Šturovo.
The Late Cenozoic stratigraphy of this region is referenced to that of the landlocked Paratethys 'sea', the chronology of which has proved most difficult to quantify (cf. Rögl, 1996; Steininger and Wessely, 2000; Piller et al., 2007; Vasiliev et al., 2010) . For example, in the Piller et al. (2007) scheme, the Badenian stage spans ~16.0 Ma to ~12.4 Ma, the Sarmatian ~12.4 to ~11.6 Ma, the Pannonian ~11.6 to ~6.0 Ma, and the Pontian ~6.0 Ma to the end of the Miocene at ~5.4 Ma. According to Chernyshev et al. (2013) , development of the 'Štiavnica Stratovolcano' occurred in five stages (Fig. 3) , during the Early Badenian to earliest Pannonian stages of this timescale. First, an extensive andesitic stratovolcano developed during 15.0-13.5 Ma. Erosion of this volcanic edifice was followed, between 13.5 and 12.9 Ma, by the initial subsidence of the associated caldera and the contemporaneous emplacement of an intrusive complex, including granodiorite and diorite intrusions. The third phase, subsidence of the caldera and its infilling with differentiated andesite during 13.1-12.7 Ma, overlapped with the youngest intrusive activity. Renewed explosive and effusive eruption of less differentiated andesite spanned 12.7-12.2 Ma, and was followed, according to Chernyshev et al. (2013) , by uplift of the 'resurgent horst' at the centre of the caldera, accompanied during 12.2-11.4 Ma by rhyolitic volcanic/intrusive activity. In their view the hydrothermal ore mineralization was contemporaneous with this phase and continued until 10.7 Ma. Support for this chronology was provided by K-Ar dating to 12.0-10.7 Ma of the gangue mineral adularia in hydrothermal veins. Adularia is a low-temperature crystal form of potassium feldspar, the highesttemperature type of which crystallizes circa 254-287 °C (Dong and Morrison, 1995) . Rapid cooling is thus indicated in the circa two million years following the intrusion of the granodiorite, at an estimated temperature of 750 °C (Nemčok et al., 2000) . Figure 4 illustrates a small part of the Pannonian-Carpathian region, across which heat flow increases southward on a regional scale from ~50-60 mW m -2 in central-southern Poland to ~120 mW m -2 in Hungary (e.g., Dérerová et al., 2006) , this latter locality being where the Miocene crustal extension and thinning in the Pannonian Basin was concentrated (Fig. 2) . In much of the area of Fig. 4 the surface heat flow is ~70 mW m -2 , a value that we take as the 'regional background' for this part of the PannonianCarpathian region. Figure 4 and the supporting data in Tables 1 and 2 show that the surface heat flow is ~110 mW m -2 at the centre of the Štiavnica pluton, thus ~40 mW m -2 higher than the regional background. Surface heat flow indeed decreases to the ~70 mW m -2 regional background to the west, north and east of this pluton. Circa 50 km south of the Štiavnica pluton, a ~30 km wide east-west-trending zone of higher heat flow, up to ~90 mW m -2 , is evident. However, the nature of this zone, including the cause of its ~20 mW m -2 heat flow anomaly relative to the regional background, is beyond the scope of the present study. The ~70 mW m -2 regional background heat flow is evidently the result of the combination of processes, documented above, affecting the study region during its complicated geological history. Determining how each of these processes might have influenced this background heat flow is another topic that is beyond the scope of the present study; our interest is in trying to understand the cause of the ~40 mW m -2 higher heat flow at the centre of the Štiavnica pluton.
We note in passing that one of the most accessible summary descriptions of this study region, by Drew (2006) , interprets the Štiavnica upland as a graben or pull-apart basin that developed at a leftward step in SW-NE-oriented left-lateral strike-slip faulting. The pull-apart basin that is interpreted in this scheme corresponds to the 'resurgent horst' at the centre of the Štiavnica caldera (compare Fig. 37 of Drew, 2006, with Fig. 3 ), indicating the opposite polarity of the component of normal slip on the faults bounding this structure. We are unconvinced regarding this interpretation and prefer to base our investigations on the local literature.
Petrological and geochemical classifications of the CSVZ igneous rocks have been presented in many studies (e.g., Harangi et al., 2007; Seghedi and Downes, 2011; Chernyshev et al., 2013) so only brief details are repeated here; a summary classification of the rocks that we have investigated is provided in Fig. 8 (a), with greater detail for the Štiavnica upland in Fig. 9 (a). Beyond this, and the summary depictions of the geology in Figs 3, 6(a) and 7, no attempt is made in the present study to depict the complexity of this region in map form; such detail is covered in local publications, such as that by Chernyshev et al. (2013) , and in the online geological map dataset for Slovakia (available at http://mapserver.geology.sk/gm50js/, with maps at scales of up to 1:10,000). However, we also note in passing that major differences exist between this mapping, on which our fieldwork was based, and the Chernyshev et al. (2013) interpretation. For example, the geological map depicts the intrusive phase as Badenian-Sarmatian whereas the Chernyshev et al. (2013) scheme places it (their phase 2) entirely within the Badenian. Second, some of the lithological descriptions differ, for example, Chernyshev et al. (2013) interpret some of their minor 'phase 2' intrusions as consisting of 'granodiorite' and/or 'quartz-diorite porphyry' whereas the geological map shows rocks of andesitic composition in the same places. Third, the age order of much of the succession has been modified; in particular, much of the lava that is portrayed on the geological map as Late Badenian, making it older than the 'Badenian-Sarmatian' intrusive phase, is assigned by Chernyshev et al. (2013) to their phase 3, making it younger than this intrusive phase. Chernyshev et al. (2013) also introduced new terminology: they named the main pluton in the Štiavnica upland (Fig. 3) as the 'Hodruša-Štiavnica Intrusive Complex' and designated the 'Zlatno Intrusive Complex' in the north (near Sklené Teplice) and the 'Tatiar Intrusive Complex' in the south (near Pukanec) while also grouping the widespread sill intrusions throughout the upland as the 'Banisko Intrusive Complex'. Since Chernyshev et al. (2013) reported the 'Zlatno' and 'Tatiar' intrusive complexes as consisting in part of granodiorite, and thus potentially significantly radiothermal, they became targets for our research, even though (as noted above) the geological map shows only andesite cropping out in these localities. To briefly summarize this very complicated story, the central part of the Štiavnica upland is interpreted as the uplifted 'resurgent horst' of ~10-15 km diameter, underlain by the Štiavnica pluton (its top ~800 m above sea-level), at the centre of the ~20 km diameter caldera (Figs. 3 and 7) . Chernyshev et al. (2013) produced a schematic crosssection through this pluton with its base at roughly the same level in the landscape as the Hron valley, implying that the granodiorite is no more than a few hundred metres thick. However, granodiorite is directly documented to a depth of ~2000 m below the top of the pluton, from mine records and associated borings (e.g., Lexa et al., 1999; Nemčok et al., 2000; Chernyshev et al., 2013) . The gentle outward slope of the 'dome-shaped' top of this pluton is also depicted in published cross-sections based on mining records (e.g., Lexa et al., 1999; Nemčok et al., 2000; Chernyshev et al., 2013) . Nemčok et al. (2000) envisaged the pluton as cylindrical with a 10 km diameter and a 7 km vertical extent, its top emplaced at ~2.5 km depth. The gently outward sloping 'dome-shaped' top of this pluton is depicted in published cross-sections based on mining records (e.g., Lexa et al., 1999; Nemčok et al., 2000; Chernyshev et al., 2013) . We later revisit the question of the thickness of this pluton (sections 5.3 and 5.4). A phase of basaltic andesite volcanism is thought to date from ~10-8 Ma, being represented by necks such as Šibeničný Vrch adjoining the Hron valley east of Žiar nad Hronom ( Fig. 3 ; e.g., Šimon et al., 2002a) . Subsequent alkali basaltic volcanism near Banská Štiavnica is revealed by the Kalvária and Kyhisýbel necks (Fig. 3) , dated by Chernyshev et al. (2013) to ~7.3 and 7.8-7 .2 Ma. However, any basalt flows that erupted from these necks have since been lost to erosion, indicating that denudation by (? many) hundreds of metres has occurred locally, in this part of the caldera outside the 'resurgent horst', since these eruptions. Rapid denudation is also implied by the narrowness (in relation to depth) of river valleys draining this magmatic centre, such as those of the Vyhniansky Potok and the aforementioned Hodrušsky Potok ( Fig.  6(a) ), and is consistent with a substantial uplift rate in the vicinity (cf. Binnie et al., 2007; Hurst et al., 2013) . Uplift can be expected as an isostatic consequence of intrusion of granitic rock of lower density than its surroundings. It can also be anticipated as the isostatic response to such denudation, making it improbable that uplift of the Štiavnica upland ended in the Middle Miocene as Chernyshev et al. (2013) have proposed. In contrast, other alkali basaltic volcanoes of similar age in surrounding regions do not show comparable evidence of erosion, necks being associated with extensive outcrop of basalt flows (e.g., Konečný et al., 1999) , indicating that the rapid denudation and associated uplift within the Štiavnica upland have been quite localized.
Finally, on the western flank of the upland there is a single (?) Middle Pleistocene basalt flow unit, which erupted from the Pútikov Vršok neck and flowed into the Hron valley at Brehy near Nová Baňa (e.g., Konečný et al., 1999; Chernyshev et al., 2013) . A range of ages within the Middle Pleistocene has been proposed for this eruption (e.g., Konečný et al., 1999; Šimon et al., 2002b; Chernyshev et al., 2013) . This basalt covers part of a low terrace of the Hron, of inferred 'Riss-Würm' age according to Konečný et al. (1999) or 'Riss' age according to Šimon et al. (2002b) , ~10 m above the modern river. Higher spreads of fluvial sand and gravel, up to ~180 m above this river, have also been mapped in its reach between Žiar nad Hronom and Nová Baňa, and evidently indicate a substantial Hron terrace staircase. Although the geological map assigns these deposits a notional Pliocene age (they are labelled as bbPl; banskobystrické súvrstvie, meaning 'Banská Bystrica Formation' of 'Pliocene' age), a succession of ages associated with cyclic variations in Pleistocene climate would be more in keeping with modern ideas regarding fluvial terrace development (e.g., Bridgland, 2000; Bridgland and Westaway, 2008a, 2008b) . Farther downstream, in the ~50 km lowland reach of the lower Hron between Levice and its Danube confluence at Šturovo, Šujan and Rybár (2014) have recognized a staircase of six fluvial terraces, the highest ~80 m above the modern river. They assumed that this oldest terrace formed around the start of the Pleistocene (~2.6 Ma) and thus inferred an uplift rate of ~0.03 mm a -1
. Another possibility (cf. Bridgland, 2000) is that these terraces might represent successive 100 kyr climate cycles, in which case the oldest recognized dates back to MIS 14 and the uplift rate has been ~0.15 mm a -1 . It is unclear at this stage whether the presence of fluvial terraces to a much greater height within the landscape in the middle Hron between Žiar nad Hronom and Nová Baňa indicates faster uplift or greater antiquity of the oldest terraces than in the lower Hron; the deeply-entrenched character of the aforementioned Hron tributaries draining the Štiavnica upland nonetheless suggests a substantial uplift rate in the vicinity (cf. Binnie et al., 2007; Hurst et al., 2013) .
3…Fieldwork and data analysis
Field measurements were made using a 'Gamma Surveyor II' portable gamma-ray spectrometer (GF Instruments S.R.O., Brno, Czech Republic; e.g., www.gfinstruments.cz/version_cz/downloads/GMS_II.pdf), which uses the gamma radiation emitted by the radionuclides responsible for radioactive heat production to estimate their concentrations. It passively detects, using a bismuth germanate (Bi4(GeO4)3; also known as 'bismuth germanium oxide' or BGO) scintillation crystal, this radiation at 1024 frequencies between 30 keV and 3 MeV, which encompass the spectrum of gamma-ray photons emitted by radioactive decay of the heat-producing isotopes of potassium (K), uranium (U), and thorium (Th). The calibration (which is carried out by the manufacturer in accordance with International Atomic Energy Agency procedures; e.g., IAEA, 2010) assumes that the gamma radiation is incident on the detector from throughout a solid angle of 2 steradians, consistent with placement on a planar rock surface. Subject to this assumption, the manufacturer's documentation reports measurement accuracies of ±0.14 wt% for potassium, ±0.8 ppm for uranium (U), and ±1.5 ppm for thorium (Th), for a standard measurement run of three minutes duration on a typical low-radioactivity sample (i.e., 2.3±0.14 wt% K, 2.7±0.8 ppm U, 9.4±1.5 ppm Th, giving percentage uncertainties for this sample of ~6%, ~30%, and ~16%, respectively). As McCay et al. (2014) discussed, a portable detector of this type, operated in this manner, will effectively sample gamma-ray photons emitted by a ~0.15 m deep by ~1.0 m diameter disc of rock below the rock surface; field sites were selected with this criterion in mind. Wherever possible, measurements were made on recently-exposed rock surfaces, typically in road cuttings or quarry faces, to avoid systematic errors caused by surficial rock weathering, which can result in leaching or uptake of water-soluble radionuclides. Wherever possible, the measurements were made on flat surfaces with dimensions of >2 m, at points >1 m from the edges of the exposure, to avoid systematic errors resulting from the rock mass subtending a solid angle significantly different from 2 steradians. McCay et al. (2014) have provided a more detailed account of the physical principles and operational procedure of this type of equipment, details that are therefore omitted here. IAEA (2003) also provides extensive background information on the physics underlying gamma-ray spectrometry, although this report pre-dates the development of modern field equipment including that which we have used (see, also, below). Portable gamma-ray spectrometers were already in use in the field in the 1980s (e.g., Feely and Madden, 1987) but suffered from a number of problems (e.g., Løvborg, 1984) . They typically only recorded gamma rays at four frequencies, rather than across the spectrum. Furthermore, the alkali metal halide (typically, sodium iodide) scintillation detectors then in use had limited frequency resolution and also experienced 'drift' of the frequencies detected, making them prone to significant systematic error. In addition, this scintillator material was relatively insensitive, so the detectors had to be made rather large to avoid long measurement times. One, nonetheless, occasionally sees publications reporting continued use of this older generation of equipment (e.g., Attia and Wahid, 2016) .
As already noted, the Gamma Surveyor II records across the gamma-ray spectrum, eliminating the issue of systematic error resulting from limited frequency resolution. Furthermore, BGO, the scintillator used, is an optimal material for several reasons (e.g., http://www.kinheng-crystal.com/productsdetail.asp?id=1340). In particular, the high atomic number of bismuth facilitates absorption of gammaray photons, increasing the sensitivity, making it possible for a BGO detector to be a tenth of the size of a sodium iodide detector of equivalent performance. This is reflected in the small size of the instrument, evident from comparison of illustrations in the manufacturer's documentation (e.g., www.gfinstruments.cz/version_cz/downloads/GMS_II.pdf) with those of the much larger apparatus formerly in use (e.g., Fig. 1 of Løvborg, 1984) ; the logistics of fieldwork benefit significantly from this.
As Šefara and Bielik (2009) have noted, an extensive investigation programme, involving ~4000 sets of measurements of radioactive heat production, took place in Slovakia in the 1980s. Results of this work have been summarized by Král (1984, 1986) but the dataset thus produced has never been published. However, given the difficulties associated with equipment of this era (described above), we have not attempted to consult this historic dataset in any archive in Slovakia, for comparison with our own results. Other than an airborne gamma spectrometry survey reported by Lexa et al. (1999) , which is briefly discussed below, we are unaware of any more recent work of this type in any locality that we have investigated.
The Gamma Surveyor II can be connected to a portable GPS receiver to electronically log the position of each site as well as the measurement results. However, since the steep rock surfaces typically selected for measurement block the signals from GPS satellites, it proved more effective to measure position using a separate handheld GPS receiver that could be taken to nearby localities with better sky visibility while the spectrometer was measuring. These co-ordinates were thus written in a notebook, rather than logged electronically, along with the numerical outputs of the gamma ray spectrometer. Following the fieldwork, the spectrometer's internal files containing the measurement results were downloaded and these numerical results were merged with the site co-ordinates into a spreadsheet. Rock samples were also collected at most sites, to confirm (or, occasionally, amend; see below) in the laboratory the mapped stratigraphic interpretations; the aforementioned http://mapserver.geology.sk/gm50js/ online geological mapping was used for site selection and for these comparisons.
The convention was adopted of recording field site co-ordinates from the handheld GPS receiver using the Universal Transverse Mercator (UTM) / Military Grid Reference System (MGRS) notation. Co-ordinates thus expressed can be readily converted into geographical co-ordinates if required, using online calculators such as that by Earthpoint (http://www.earthpoint.us/Convert.aspx), so that latter are not reported in the present study. However, large-scale topographic maps and other facilities in Slovakia, such as the online geological map, use a different co-ordinate system, based on the Křovák projection. As Veverka (2004) has explained, this was devised in 1922 by the geodesist Josef Křovák to enable a grid of maps to be prepared that minimized the effects of angular distortion and length distortion for the newlycreated country of Czechoslovakia that (with its original 1919 borders) was >900 km long in the WNW-ESE direction but typically <200 km wide. The origin of the Křovák co-ordinate system is near Talinn in Estonia, due north of the eastern end of the former Czechoslovakia; as a result, X-and Y-co-ordinates in this system are both negative in modern Slovakia, with the X-axis oriented roughly ESE and the Y-axis roughly NNE. Co-ordinates in this system were essential to locate ourselves in the field on both topographic and geological maps; we used the Majster V1.1 spreadsheet by Gábor Timár (available online: http://sas2.elte.hu/tg/majster.xls) to convert between them and UTM co-ordinates.
Radioactive heat production, Y, was calculated from the measured radionuclide concentrations using the formula Y =  (0.03476 CK + 0.09528 CU + 0.02561 CTh)
from Rybach (1976) , converted into S.I. units. Here,  is the density of the rock and CK, CU, and CTh are the concentrations of the three radionuclides measured (in units of wt% for K and ppm for U and Th). Using these units and with the numerical constants as stated, this formula gives Y in nW m -3
. For the present analysis, a nominal density of 2700 kg m -3 has been adopted for all rock types. For each site, the results from three three-minute spectrometer measurements on adjacent rock surfaces (not at precisely the same place) were averaged together. Given the typical distances travelled by the gamma-ray photons (see above) and our measurement and analysis procedures, we thus obtained overall values for the radionuclide concentrations and the associated heat production that are each representative of ~0.4 m 3 or ~1000 kg of rock, much larger samples than could conceivably be returned for analysis in the laboratory. This use of a nominal density value introduces uncertainties into the measured Y values. However, it would evidently have defeated the point of taking a portable measuring device into the field if we had returned large rock samples from each site to permit accurate measurement of density. The nominal value of 2700 kg m -3 used is likely to approximate the actual density of the granodiorite samples analysed; for example, Rybach and Buntebach (1981) estimated the typical density of granodiorite as 2700 kg m -3 , whereas Tenzer et al. (2011) reported 268170 kg m -3 (1). However, it probably overestimates the density of the andesite samples whose actual density, reported by Remšík et al. (2001) , is quite variable, in the range 2300-2540 kg m -3 with a typical value of ~2470 kg m -3
. On the other hand, the diorite samples probably had somewhat higher density; Rybach and Buntebach (1981) estimated a typical value of 2840 kg m -3 , whereas Tenzer et al. (2011) reported 2797119 kg m -3 (1). The basalt samples analysed probably likewise have higher densities, maybe ~2900 kg m -3 (Tenzer et al., 2011 , 1). On this basis it can be inferred that our estimates of Y may typically be ~9% too high for the andesites and ~7% too low for the basalts; these margins are comparable to the variability observed between the replicate measurements at many sites and much less than the observed variations between lithologies.
We emphasize that the parameter CK in equation (1) is the percentage by weight of potassium (e.g., IAEA, 2003, p. 16) . However, it is customary in geochemistry to express concentrations of major elements as the percentage by weight of their oxides, in this case K2O. Since the molar masses are 39.098 g for potassium and 94.196 g for K2O, this compound is 83.014% potassium by weight. One must therefore incorporate this numerical factor when comparing measurements of potassium content obtained using a gamma-ray spectrometer with the results of geochemical analyses (expressed conventionally) for the same rock.
4…Results Table 3 summarizes the outcome of our analysis, a full table of results being provided in the online supplement. Figure 8 To place these results in context, granitic rocks with heat production >4 W m -3 are generally regarded as potential geothermal resources (e.g., McCay et al. 2014) . The results will now be discussed, grouped by lithology. 
Basement rocks
We sampled the (pre-) Variscan crystalline basement or 'Kryštalinikum' at two sites beyond the northern and eastern margins of the Štiavnica upland, in a cutting on the recently-widened Zvolen-Lučenec highway at Podkriváň, to the east (site 28 in Fig. 8(a) ), and in the disused quarry at Lieskovec, to the northeast (east of Zvolen; site 61). The granodiorite sampled at both these sites had low heat production, in the range ~1-2 W m -3 (Table 3 ). Small inliers of 'Kryštalinikum' are also mapped within the Štiavnica upland (Figs. 3, 6(a)), but these proved difficult to find due to pervasive forest vegetation. Several exposures of granitic schist were nonetheless identified along the Vyhniansky Potok valley between Vyhne and Banky (sites 40, 41 and 43 in Fig. 9 (a)), the 'hottest' of which (site 41; Table 3 ) had heat production ~3.6 W m -3
. In terms of basement structure (e.g., Hrouda et al., 2002 ) the Podkriváň site falls within the principal outcrop of Vepor Belt basement, the Lučenec outcrop is an inlier of Vepor Belt basement, and the Štiavnica upland sites fall within the Tatra-Fatra Belt basement. Since these two groups of sites are located within what were, prior to the Variscan Orogeny, distinct crustal provinces (e.g., Plašienka et al., 1997) , differences in composition, which cause the observed differences in heat production, are not surprising.
Post-orogenic alkali basalts
Many small basaltic outcrops, forming lava flows or volcanic necks, are mapped in the Banská Štiavnica area and its surroundings, which represent eruptive activity between the latest Miocene (~8 Ma) and the Middle Pleistocene (e.g., Konečný et al., 1999; Chernyshev et al., 2013; Fig. 3 ). We measured the heat production at four sites in basalt flows of nominal 'Pontian' (i.e., latest Miocene) age, at Ostrá Lúka (near Zvolen; site 26 in Fig. 8(a) ), Podrečany (near Lučenec; site 29), Rakovec (near Krupina; also known as the Devičie basalt; site 30), and Mochovce (west of Levice; site 62), which are classified on the geological map as nepheline basanites. We also sampled the youngest basalt flow in the region, from the aforementioned Putikov Vršok neck near Nová Baňa (site 17 in Fig. 8(a) ), which is classified on the map as nepheline tephrite. These basalts appeared quite different in hand specimen: those from Ostrá Lúka and Rakovec contained plagioclase phenocrysts up to ~3 mm in size, although at the former site these were unweathered whereas at the latter they showed signs of kaolinization; that from Mochovce contained phenocrysts of both plagioclase and augite, both up to ~3 mm in size; whereas the basalts from Podrečany and Brehy consisted entirely of microcrystalline groundmass. Chernyshev et al. (2013) presented major element geochemical analyses (e.g., 45-48% SiO2; 1.3-1.9% K2O) and summary petrographic descriptions of a set of samples of these alkali basalts. Notwithstanding the evident compositional differences, the site measurements all indicate low heat production, in the range ~1-2 W m -3 (Table 3 ).
Javorie 'argillite'
We attempted to investigate the dioritic rocks of the Javorie intrusive complex, which the geological map shows cropping out over several square kilometres in the centre of the Javorie upland around Vigľašská Huta -Kalinka, but could find no exposure. However, we sampled an outcrop of 'argillite' that the map depicts as directly overlying this intrusion (site 27 in Fig. 8(a) ). In local usage (e.g., Kodera et al., 2001 ) 'argillite' denotes a rock that has been reduced essentially to clay minerals as a result of hydrothermal alteration due to close proximity of an igneous intrusion. The material at Vigľašská HutaKalinka, thus named, consisted of indurated white rock, with a powdery weathered groundmass, presumably derived from hydrothermal alteration of plagioclase to clay minerals, which could be seen (on examination in hand specimen) to preserve small crystals (up to ~1 mm) of augite and biotite. Relatively high heat production, ~3.2 W m -3 , was measured (Table 3) .
Štiavnica granodiorite / diorite pluton
The Middle Miocene Štiavnica pluton (the 'Hodruša-Štiavnica Intrusive Complex' of Chernyshev et al., 2013; Fig. 3) has a mapped extent (Fig. 7) of ~8 km east-west (from Hodruša-Hámre to Banky) and ~5 km north-south (from Vyhne to Kopanice). According to Kodera et al. (2004 Kodera et al. ( , 2014 ) the top of this pluton slopes outward at a typical angle of ~30°, making it more extensive in the subsurface than its small area of outcrop would appear to imply; at depth it presumably approximates the full extent of the Štiavnica 'resurgent horst' (Fig. 3) . Its form has also been affected by the throw on many normal faults, creating multiple localities with the pluton cropping out in footwalls but country rock in hanging-walls.
This pluton is mapped as dioritic in the northeast; Chernyshev et al. (2013) presented a major element geochemical analysis (e.g., 56% SiO2; 1.5% K2O) and a summary petrographic description for a single sample, consisting of plagioclase in the compositional range 55-72% anorthite (i.e., labradoritebytownite), clinopyroxene, and amphibole, with minor biotite, quartz, and potassium feldspar. We sampled this dioritic part of the pluton at three sites along the Vyhniansky Potok valley between Vyhne and Banky (sites 42, 44 and 45 in Fig. 9 (a)), finding it to typically consist of small phenocrysts of plagioclase and augite, no more than ~2-3 mm in size, with biotite also evident near Banky, and to appear unaffected by hydrothermal alteration. These three sites yielded highly variable heat production, ranging from ~4.4 W m -3 near Banky (site 45 in Table 3 ) to as low as ~2.1 W m -3 elsewhere.
The more abundant granodiorite, forming the bulk of the pluton, was described by Chernyshev et al. (2013) on the basis of two very similar samples; they reported major element geochemistry including 62-64% SiO2 and 3.5-3.6% K2O, with a summary petrographic description consisting of plagioclase in the compositional range 40-51% anorthite (i.e., andesine-labradorite), biotite, amphibole, potassium feldspar, and quartz, along with other minor constituents. We sampled this lithology at fifteen sites; these were concentrated along the Hodrušsky Potok valley around the former silver mining town of Hodruša-Hámre (sites 15 and 31-34 in Fig. 9 (a)), along with the granodiorite inlier below the Hodrušské Jazero reservoir at the upstream end of this valley (sites 13 and 14). We also sampled along the roads leading out of this deeply entrenched valley to the villages of Kopanice, to the south (sites 18-21), and Hadová, to the north (sites 47-50). The NW part of the pluton, in the uplands between the Hodrušsky Potok and Vyhniansky Potok valleys, was not sampled; this area is inaccessible to vehicles and distances within it were too great for sampling on foot in the time available. Everywhere sampled the granodiorite was hydrothermally altered to some extent, the degree of alteration at one site near Hadová (site 48) being sufficient that it is mapped as 'argillite' (see above). The rocks contained plagioclase, hornblende and biotite phenocrysts of typical size ~5 mm, although larger ones, up to ~8 mm, were sometimes present, the plagioclase being typically kaolinized as a result of the hydrothermal alteration. Radioactive heat production ranged from ~2.2 W m -3 to ~4.9 W m -3
. Composition varied significantly between sites (see, also, below), the largest concentrations of each of the three heat-producing radionuclides being observed in different localities. A sample containing these largest measured concentrations (9.3 wt% K; 11.3 ppm U; and 29.5 ppm Th) would indeed have had heat production of ~5.8 W m -3 , significantly higher than any of our measurements.
Both the granodioritic and dioritic parts of the pluton have heat production far greater than might be predicted from the lithology using the Rybach and Buntebarth (1984) prediction equation, which gives typical values of ~1.8 W m -3 for granodiorite and ~0.6 W m -3 for diorite. This demonstrates the need wherever practicable to base analysis of thermal state on direct rather than proxy measurements. This is already known for other regions such as Britain, where compositionally-similar granitic intrusions have a wide range of heat production (e.g., Lee et al., 1987; McCay, 2016) . As will become clear below (section 5.3), the high heat production in the Štiavnica pluton, recognized in the present study, plays a major role in determining the thermal state of the region.
Andesitic sills and lava flows
Finally, we report 33 sets of measurements of radioactive heat production in the andesitic sills and lava flows surrounding the Štiavnica pluton. Table 3 lists these geographically, grouped by sites ordered clockwise about the pluton starting to the west. The geological mapping shows immense detail regarding these rocks, including a proliferation of subdivisions of classification. It is not clear to us how these differences were established, since forest vegetation obscures the outcrop in most of the region and vegetation-free outcrops were typically only found in new road cuts, which post-date the mapping. It is possible that some of the detail originates from old mine records; however, establishing this would require detailed scrutiny of the local literature, beyond the scope of the present study. The outcrop boundaries depicted on the geological map were, indeed, usually not observable in the field, making it impossible to distinguish sills from lava flows on this basis. Furthermore, as already noted, some of the groupings and classifications, as well as the age order of some of the rocks, differ between the geological map and the Chernyshev et al. (2013) interpretation scheme. Nonetheless, the rocks classified as lavas were either aphyric or contained occasional small plagioclase phenocrysts of ~1-2 mm size, whereas those classified as sills (or small 'stocks' or dykes according to Chernyshev et al., 2013) typically contained plagioclase, augite and hornblende phenocrysts of up to ~5 mm size, the larger phenocrysts being consistent with the slower cooling expected for a sill or small 'stock'. These plagioclase phenocrysts were also typically kaolinized as a result of hydrothermal alteration. Like for other lithologies, Chernyshev et al. (2013) provided a selection of major element analyses and summary petrographic descriptions.
Overall, the measurements indicate a variation of heat production with the phase of the magmatic sequence when the rocks were emplaced, notwithstanding significant variability within each grouping. Thus, for the activity interpreted on the geological map as Middle Badenian (classification codes ending in B2 in Table 3 ; sites 51 and 52), phase 1 of the magmatism according to Chernyshev et al. (2013) , heat production was found to be low, in the range ~1.1-1.4 W m -3
, although this is based on only two sets of measurements (both from the Pukanec area in the south of the region). For the activity interpreted on the geological map as Late Badenian (codes ending in B3) or Middle-Late Badenian (codes ending in B23), some corresponding to phase 1 of the magmatism and some to phase 3 according to Chernyshev et al. (2013) , heat production was found to be higher, in the range 1.6-2.0 W m -3 , with one 'hot' outlier at ~2.5 W m -3
. For the phase of sill intrusion interpreted on the geological map as Badenian-Sarmatian (codes ending in BS), corresponding to magmatic phase 2 of Chernyshev et al. (2013) (mostly equating to their 'Banisko Intrusive Complex'), heat production was found to be more variable, but typically even higher, in the range 1.9-2.7 W m -3 , albeit with several 'cold' outliers circa 1.4-1.7 W m -3 and one 'hot' outlier at ~3.3 W m -3
. Chernyshev et al. (2013) reported a summary petrological description (but no associated geochemical analysis) for a single rock sample from their 'Banisko Intrusive Complex'; this was reported as containing phenocrysts of plagioclase, amphibole, biotite and rare quartz, and was classified as 'quartz-diorite porphyry'. The range of heat production values for this activity overlaps with, but is typically somewhat less than, that for the compositionally similar dioritic part of the Štiavnica pluton, discussed above. It is of course a matter of semantics that rocks consisting of 52-63% normative SiO2 and with the observed high ratios of plagioclase to potassium feldspar are classified as 'andesite' if part of a lava flow or sill or as 'diorite' if part of a pluton (cf. Streckeisen, 1974) .
Some of the sites where we measured heat production in the Sklené Teplice area lie within the Zlatno Intrusive Complex of Chernyshev et al. (2013) (Table 3 ; sites 58 and 59). These authors regarded this complex as having slightly post-dated the main Štiavnica pluton and having played a unique role in the region's metalliferous mineralization. However, our measured heat production values do not differ from the range observed for the more widespread rocks that they assigned to the 'Banisko Intrusive Complex'. Our samples from localities near Pukanec, which Chernyshev et al. (2013) assigned to their Tatiar Intrusive Complex, likewise yielded unremarkable heat production values (Table 3 ; sites 53 and 54). Chernyshev et al. (2013) did not present any petrological descriptions or geochemical analyses of rocks that they assigned to the Zlatno or Tatiar intrusive complexes. Although we have not carried out any quantitative modal analysis, either, none of the rocks that we sampled from these localities (or, indeed, from the more widespread Banisko Intrusive Complex), appeared to consist of quartz diorite or granodiorite (requiring 5-20%, or 20-60%, modal quartz, respectively; cf. Streckeisen, 1974) . We are, thus, unable to resolve the difference between the classifications of these rocks on the geological map and those reported by Chernyshev et al. (2013) ; it is unfortunate that they did not indicate field localities where they observed granodiorite within these defined units. We nonetheless note that at one locality, near Kopanice (site 21 in Table 3 ), rock that was clearly of granodiorite composition in hand specimen fell within an area of outcrop that placed it within the Banisko Intrusive Complex rather than the Štiavnica pluton. Our assessment of this (Table 3) is that the boundary between these rocks had been drawn in the wrong place on the geological map. A possible alternative is that this is indeed a granodioritic part of the Banisko Intrusive Complex, although Chernyshev et al. (2013) did not report that any part of this particular complex is in fact granodioritic. The essential issue, relevant to our present analysis, is that none of the rocks that we investigated, which have been assigned by Chernyshev et al. (2013) to their Zlatno or Tatiar intrusive complexes, had heat production anything like as high as typifies the granodiorite of the main Štiavnica pluton (Table 3) .
5…Discussion
We set out to assess the potential value of using a modern portable gamma-ray spectrometer to characterize radioactive heat production in this unfamiliar study region where, as far as we are aware, this technology had not been used before. In a week of fieldwork we collected 62 sets of heat production measurements (Table 3) along with rock samples from most sites to facilitate classification, plus other data that will be published separately. As well as battling with the niceties of the Křovák co-ordinate system and its requirement for maps to be oriented with NNE at the top, and puzzling over the basis whereby, in the absence of exposure, many of the outcrop boundaries shown on the online geological map might have been drawn, various other difficulties were encountered. This online geological map proved to be a most useful resource, although we were surprised at the extent to which its classifications and chronology differ from the more recent work by Chernyshev et al. (2013) . This latter publication noted that no proper arguments had been put forward to justify some previous interpretations, but itself provided no arguments to justify some of the proposed revisions. We were also puzzled by some usages of terminology, 'argillite' having already been noted. As another example, was it reasonable for Chernyshev et al. (2013) to classify rock as 'quartz diorite' on the basis of 'rare' quartz phenocrysts, when the specification (Streckeisen, 1974) requires this mineral to exceed 5% of the total of minerals used in classification? One would expect to see a proper modal analysis, or at least a citation of one. Furthermore, although the geological map proved to be accurate in most places, at a few sites it showed incorrect outcrop (see Table 3 for details). Furthermore, in some localities, details provided for location purposes were marked in the wrong places, in some cases as much as ~300 m away from their true locations (as determined by a handheld GPS receiver, in some cases with confirmation using Google Earth); considering that the mapping was reportedly at a scale of 1:10,000, this means that such details were plotted up to ~3 cm away from their 'correct' locations. We have nonetheless established that the granodioritic rocks of the Štiavnica pluton have significant radioactive heat production, locally approaching 5 W m -3 , making them a significant radiothermal resource. The potential value of a modern portable gamma-ray spectrometer in field reconnaissance of this type is thereby demonstrated.
The rest of this discussion will concentrate on three interrelated key topics: comparison between our estimates of rock composition, using gamma-ray spectrometry, and conventional geochemical determinations; the zoned composition of the Štiavnica pluton; and the vertical extent of this pluton (and its isostatic emplacement mechanism) and its implications for the geothermal resource in the study region.
Comparisons of estimates of composition
It is evident that some of our raw field measurements (listed in the online supplement) are tightly grouped, whereas others show considerable scatter. This is no doubt in part due to some of the rock surfaces on which the gamma spectrometer was set up not being perfectly flat; as McCay et al. (2014) pointed out, if the rock surrounding a measurement point spans more than a halfspace it will result in a reading that is too high, with readings that are too low resulting if the rock occupies less than a halfspace. However, the fact that the reported radionuclide concentrations do not vary in proportion between the three sets of measurements at each site (see the online supplement for details) indicates that this effect is not the main factor. We are not aware of any previous work on radioactive heat production in this study region, with which our results might be compared. Nonetheless, the scatter in our results can be compared with the manufacturer's specification. Our measurements can also be tested for consistency between adjacent sites in the same lithologies. In addition, our measurements of potassium content can be compared with the geochemical determinations reported by Chernyshev et al. (2013) and with the values from gamma-ray spectrometry reported by Lexa et al. (1999) . Finally, one can compare the contributions of the three radionuclides to the heat production at each of the sites.
As already noted, the manufacturer's documentation reports accuracies of ±0.14 wt% for K, ±0.8 ppm for U, and ±1.5 ppm for Th, for measurement runs of three minutes duration. These figures can be compared with the uncertainties (expressed as 1), in the site mean values of compositions, reported in the online supplement. It is thus evident that roughly half of the uncertainties in these site mean values (36 for K, 28 for U, and 27 for Th, each out of 62) fall outside these stated margins. Moreover, at only 13 sites (sites 8, 15, 23, 26, 28, 39, 47, 51, 52, 56, 57, 61 and 62) were the standard deviations for all three radionuclides within the manufacturer's stated tolerances. Although these include some sites with clear planar rock surfaces much larger than the ~1 m 2 area considered a priori necessary for the technique to work (sites 15, 28, 61, respectively a vertical rock face adjoining the sealed entrance to a disused mine, a recently excavated road cutting, and a disused quarry) they also include others (notably, sites 8, 23, 26, 39, 47, 51, 52, 56, and 57) where the extent of exposure was borderline for measurement to be attempted.
During the data processing for this comparison, it was realised that many of these larger-than-expected error margins arose because for one of the radionuclides one of the three contributing measurements forms an obvious 'outlier' relative to the other two. Removing these outlying values from the analysis resulted in the set of 'best estimate' radionuclide concentrations and heat production values listed in the online supplement. Processed thus, far fewer concentrations have standard deviations outside the manufacturer's specifications (22 for K, 8 for U, 6 for Th; of those for K, 7 are 0.15 or 0.16 wt%, so only marginally exceed these tolerances), the number of sites with standard deviations for all three radionuclides within these specifications rising to 28 (sites 4, 7, 8, 11, 15, 17, 21, 23, 26, 28, 29, 30, 33, 36, 39, 43, 44, 45, 47, 49, 51, 52, 53, 55, 56, 57, 61, and 62 ; see the online supplement). However, even so, there remain many sites for which the uncertainties in concentrations still exceed the manufacturer's stated tolerances. Inspection of the online supplement (where these instances, with standard deviations of at least 10% of the calculated values, are highlighted) indicates that these instances arise for sites where the three measured values for the concentration of a radionuclide are roughly evenly spaced, so one has no basis for discarding any particular value as an outlier. The implication is that if this eventuality arises then one should make at least one additional set of measurements, notwithstanding the increased fieldwork time that will result.
On several occasions we made multiple sets of measurements at adjacent sites in the same lithologies, with the aim of testing the consistency of these measurements. These groupings comprise sites 1, 2 and 3, 7 and 8, 11 and 12, 33 and 34, and 53 and 54 (Table 3 ; see the online supplement for more details). Other pairs of sites were also documented in adjacent localities, but because they straddle lithological boundaries they are omitted from this comparison. On the basis of the set of analyses for 'mean' heat production, sites 7 and 8, 11 and 12, and 53 and 54 are concordant at the 1 level, whereas sites 1, 2 and 3 and sites 33 and 34 are concordant at the 2 level (see the online supplement). The 'best estimate' values for heat production, with outliers excluded as discussed above, for each pair of sites 7 and 8, 11 and 12, and 53 and 54, have adjusted significantly closer together and, even though the error margins are now much tighter, remain concordant at the 1 level. Sites 1, 2 and 3 remain concordant at the 2 level. However, sites 33 and 34 are no longer concordant. Inspection of the online supplement indicates that this issue has arisen because the highest measurements of K and U for site 33 have been removed as outliers, but these removed values are closer to those measured at site 34 than the values that have been retained. Evidently, the approach adopted of removing outliers on a site by site basis has not given a useful result in this instance. In these cases we should have noted the mismatches while in the field and should thus have undertaken more field measurements until sufficient consistency was achieved. This example indeed demonstrates that significant variations in composition can occur across distances of a metre or so (the typical spacing of repeat measurements at each site) within what appears, in the field, as a homogenous lithology.
Comparisons of radionuclide concentrations between these sites are somewhat more problematic, however. At sites 11 and 12 and sites 53 and 54 all three pairs of 'best estimate' values are concordant at the 1 level, as one might expect. However, at sites 1, 2 and 3 the 'best estimate' values for uranium concentration are concordant at the 1 level, albeit with large margins of uncertainty, whereas for sites 7 and 8 and sites 33 and 34 none of the 'best estimate' radionuclide concentrations are concordant. Thus, although sites 7 and 8 yielded virtually the same heat production, site 8 had significantly higher K and Th concentrations but significantly lower U; the rocks in these two adjacent sites evidently have compositions that differ significantly but which fortuitously result in very similar heat production.
As already noted, Lexa et al. (1999) presented summary results of an airborne gamma ray spectrometry survey of the Štiavnica upland. These workers only reported potassium concentration, so the comparison is restricted to this radionuclide. The values they obtained are 2-3 wt% in both the granodioritic and dioritic parts of the Štiavnica pluton, and typically <2 wt% in the other Miocene igneous rocks, thus underestimating this parameter, relative to our own results, by a typical factor of 2. Lexa et al. (1999) provided no details of the measurement procedure used; we thus cannot account for this discrepancy. We suspect that the underestimation evident from their results might have led to the lack of recognition in the extant literature of the importance of radioactive heat production in this vicinity.
A comparison with the results of Chernyshev et al. (2013) , grouping all samples from four key rock units, and scaling the numerical values to express the geochemical determinations as percentages by weight of K, not K2O, is presented in Table 4 . The two methods give reasonable agreement for the (?) late Middle Pleistocene Brehy basalt (represented by our site 17) and the andesitic lavas of the Studenec Formation, from phase 3 of the Štiavnica magmatism (represented by our sites 4, 16 and 38). Nonetheless, for the dioritic and granodioritic rocks of the Štiavnica pluton, the typical concentrations of K2O, derived from gamma ray spectrometry measurements, greatly exceed those obtained by geochemical analysis. However, the large margins of uncertainty listed in Table 4 indicate that the compositions of these lithologies vary from place to place, as we had already deduced on other grounds.
Table 4 here: comparisons of potassium content
Taking account of the possibility of lateral variations in composition, a more appropriate test is to compare measurements from sites in close proximity. However, none of our sites in the rocks of phase 1 or phase 3 of the Štiavnica magmatism was anywhere near the co-ordinates reported by Chernyshev et al. (2013) for any of their samples. Furthermore, no comparison is possible for any of the minor dioritic intrusions assigned to phase 2 of this magmatism, because Chernyshev et al. (2013) did not report geochemical analyses for any of these rocks. Direct comparisons for sites in close proximity are, however, possible for the Brehy basalt and for both the dioritic and granodioritic parts of the main Štiavnica pluton. If we had had access to the online supplement of the Chernyshev et al. (2013) paper, containing their site coordinates and geochemical analysis results, at the time of our fieldwork, we could, of course, have visited the precise localities where they sampled, although there is no guarantee that flat rock surfaces suitable for gamma-ray spectrometry measurements would have been available. Table 4 , Chernyshev et al. (2013) analysed three samples of the Putikov Vršok basalt. Two of these were collected near the neck, several kilometres from our site 17 at the distal end of this flow unit, near Brehy, where this basalt cascaded onto the valley floor of the River Hron. Their third sample (S-B3/02; with reported co-ordinates that convert to UTM 34U CU 24886 63881, or Křovák -458295 -1262367), came from a point ~500 m north of our site, likewise at the distal end of the flow unit. Their measurement, 1.93 wt% K2O or 1.60 wt% K, falls within the margin of uncertainty of ours, 1.780.35 wt% K (2), our three raw measurements being 1.67, 1.68, and 1.98 wt% K (see the online supplement).
As noted in
The Chernyshev et al. (2013) sample of diorite from the Štiavnica pluton (St-4/08; with reported coordinates that convert to UTM 34U CU 41255 72641, or Křovák -441509 -1254437) came from a point ~300 m WSW of one of our sites (site 44; Table 3 ). As already noted, our site was in the floor of the Vyhniansky Potok valley, between Vyhne and Banky, whereas theirs was in a tributary valley to the south. Their measurement, 1.52 wt% K2O or 1.26 wt% K, falls below the lower limit of the margin of uncertainty of ours, 2.260.60 wt% K (2). Our three measurements, 2.08, 2.61, and 2.10 wt% K, were indeed all significantly higher than the result of their analysis.
Finally, one of the Chernyshev et al. (2013) granodiorite samples from the Štiavnica pluton (St-2/04; with reported co-ordinates that convert to UTM 34U CU 35345 69296, Křovák -447579 -1257482), from the Hodrušské Potok valley at Hodruša-Hámre, came from a point near two of our sites (being ~200 m ESE of site 15 and ~300 m NE of site 31; Table 3 ). However, their measurement, 3.56 wt% K2O or 2.96 wt% K, falls well below ours, 5.560.25 and 6.320.53 wt% K (2). Our two groups of three measurements, 5.70, 5.49, and 5.48 wt% K, and 6.52, 6.02, and 6.42 wt% K, were likewise all much higher than their analysis result.
Taking into account the fact that compositional zoning is to be expected within granodiorite plutons (e.g., Bateman and Nokleberg, 1978; Tindle and Pearce, 1981 ; see, also, below), especially near their edges, that our measurements show clear evidence of compositional variability in both the dioritic and granodioritic parts of the Štiavnica pluton, and that our measurements agree well with those of Chernyshev et al. (2013) in the Brehy basalt, in which near homogenous composition can be expected, we attribute the mismatches between our results and theirs regarding the potassium content of the Štiavnica pluton to compositional variation within this pluton. The impression created by the Chernyshev et al. (2013) paper, of uniform composition of both the dioritic and granodioritic parts of the pluton, would therefore appear to be an artefact of the small number of samples that they analysed.
Regarding the effects of the different radionuclides, one expects uranium to be the most significant contributor to heat production (e.g., Birch, 1954; McCay et al., 2014; Attia and Wahid, 2016) . However, using the aforementioned 'best estimate' values for composition, at the majority of our sites, 34 out of 62 or ~55%, thorium made the largest contribution to heat production (see the online supplement). Uranium made the largest contribution at 26 sites, or ~42%, with potassium the largest contributor at the remaining 2 sites or ~3%. This latter grouping comprised site 25 near Kopanice and site 51 near Pukanec; both these sites are in localities where minor dioritic intrusions of magmatic phase 2 pervade lavas of phase 1; site 25 being in the older lava with site 51 in a dioritic intrusion (Table 3) . Of the remaining samples, the largest percentage contribution to heat production from thorium, ~57% of the total, was observed at another site (site 1) in a phase 2 dioritic intrusion. Thorium also makes the greatest contribution at site 45, near Banky, where particularly high heat production was determined in the dioritic part of the Štiavnica pluton (Table 3) . On a 'best estimate' basis the heat production at this site is ~4.5 W m -3
, as a result of ~30 ppm of thorium, the highest concentration measured in the region (see the online supplement). Nonetheless, uranium is the largest contributor at the sites within the Štiavnica granodiorite with heat production >4 W m -3 (i.e., at sites 14, 49 and 50) and indeed makes the largest percentage contribution (~57%) at the site (site 50) with the greatest heat production, ~4.9 W m -3 on a 'mean' basis (Table 3) or ~5.0 W m -3 on a 'best estimate' basis (online supplement), this site having the highest uranium concentration (~11 ppm) measured in the region. These sites with relatively high heat production thus conform to the expected pattern with uranium the most significant contributor to heat production. The measured uranium concentrations are indeed particularly variable, for example within the Štiavnica granodiorite they vary between ~2.0 and ~10.8 ppm for site means (Table 3 ) and between ~1.1 and ~11.3 ppm for individual measurements (online supplement), and thus make a significant contribution to variations in heat production even for the 'colder' rocks in the region. Furthermore, although one expects uranium content to increase inward from the margins of a granodioritic pluton, reflecting its zoned composition (e.g., Rybach, 1976 ; see also below), some sites well inside the pluton have low uranium concentrations (Table 3) . We infer the cause of this to be the high solubility that uranium can attain under environmental conditions (e.g., Casas et al., 1998; Elless and Lee, 1998; GormanLewis et al., 2008; Attia and Wahid, 2016) combined with the hydrothermally altered state of many samples that (by breaking down the crystal structure of the mineral grains in which the uranium would have been concentrated in the original rock) is likely to facilitate uranium release. On this basis, the measurements with the highest uranium concentrations and heat production values are likely to provide the best estimates for rocks in the Štiavnica pluton that have not been affected by hydrothermal alteration or surface environmental conditions. With hindsight, an improved field procedure at each site, instead of always making three sets of measurements, would have been to keep making repeat measurements until three sets of values were obtained that were consistent within a certain margin (say, 10%, or  the margins of uncertainty stated in the manufacturer's documentation) for each of the three radionuclides, or for the radionuclide that makes the largest contribution to heat production, then to discard any other measurements as outliers. However, a practical difficulty that would thus arise in the present study region would be the limited exposure, as already noted; at most sites the small area of visible outcrop would restrict the maximum number of repeat measurements. Although the main aim has been to obtain measurements of heat production, rather than radionuclide concentrations, we do not recommend basing a field protocol on consistency of measured heat production values. This is, first, because of the possibility that sites with rocks of different composition may fortuitously have the same heat production, as is apparent for sites 7 and 8 (see above, also the online supplement). Furthermore, achieving any margin of consistency regarding heat production (or the contribution to heat flow from any particular radionuclide) would have been impossible during this fieldwork as we had no means of determining this quantity in the field (it was calculated in the evenings after days in the field); to introduce such a requirement in future would mean taking a tablet PC or pocket calculator into the field, unless the manufacturer were to modify the software in their instrument to provide the necessary readout. An alternative way of achieving increased accuracy would be to increase the measurement duration; the 'Gamma Surveyor II' can be set up to measure for 5, 10, 20, or 30 minutes, rather than the standard 3 minutes. However, the manufacturer's documentation does not provide any quantitative indication regarding how a given increase in measurement time results in any particular increase in accuracy. Such documentation has been provided for older equipment (e.g., Løvborg, 1984) , and can serve as a guide, but is specific to the detector being used.
Zoned composition of the Štiavnica pluton
Our results, discussed above, indicate significant variability in the composition of the Štiavnica pluton, in contrast with its portrayal (on the geological map and by Chernyshev et al., 2013) as consisting of parts of uniform granodioritic and dioritic composition with an inferred boundary between the Hodrušsky Potok and Vyhniansky Potok valleys. Although many workers (e.g., Nemčok et al., 2000; Chernyshev et al., 2013) have stated that the dioritic part of the pluton is older, reported numerical ages for the two parts are indistinguishable (13.30.2 Ma for the diorite and 13.40.2 and 13.30.6 Ma for the granodiorite, all 2, from Chernyshev et al., 2013) . We did not locate the discrete boundary between these lithologies, reported on the available geological mapping (Fig. 7) , so are unable to confirm whether there were two separate intrusions or a single intrusion with gradational composition. Nonetheless, many previous studies have identified zoned compositions of granodioritic intrusions, with rocks becoming progressively less mafic away from the margins of the intrusion. For example, Bateman and Nokleberg (1978) studied the Mount Givens granodiorite of the Sierra Nevada Mountains, California. This ~80 km by ~15 km pluton of Cretaceous age varies progressively in composition from tonalite at the rim to granodiorite then granite at the core. These authors explained this effect as a consequence of crystal fractionation within the magma: as the pluton cooled inwards, relatively mafic mineral phases with relatively high freezing points tended to accrete to the margins of the magma chamber. As another example, Tindle and Pearce (1981) studied the Loch Doon granodiorite of SW Scotland. This ~20 km by ~10 km pluton of Caledonian (Devonian) age varies progressively in composition from diorite at the rim to quartz diorite, then tonalite, then granodiorite, with granite at the core. These authors recognized effects of magmas of different composition, but nonetheless regarded crystal fractionation as the principal cause of the observed variability. In both these case studies, the compositional gradient was greatest near the rim of the pluton. Other instances of granodiorite zonation have been explained as a consequence of distinct emplacement phases separated by intervals of ten million years or more (e.g., Miles et al. 2014) ; however, this possible explanation is inapplicable in the case of the Štiavnica pluton given the limited duration of its intrusive phase (Chernyshev et al., 2013) . Counterexamples demonstrating 'inverse' zonation, with radioactive heat production increasing towards the margins of granitic intrusions, have also been noted, for example in the Mont Blanc granite of the Alps (Rybach et al., 1966) , and can be explained as a result of migration of residual melt during solidification (Rybach and Buntebarth, 1981) .
At each set of sites where we undertook a traverse perpendicular to the margins of the Štiavnica pluton our results indicate (notwithstanding substantial fluctuations) increases in heat production, typically associated with increases in uranium content, towards the pluton interior. Thus, first, near the SW limit of the pluton at the western end of Hodruša-Hámre, one of our sites (31 in Table 3 ) was located very near (~100 m north of and ~50 m below) the intrusive contact between granodiorite and country rock; it yielded heat production of ~2.2 W m -3
. In this vicinity, the country rock is mapped as Mesozoic sediments (the Early Triassic Benkov Formation or benkovské súvrstvie, comprising sandstone and mudstone, and the Late Triassic Gutenstein Formation or gutensteinské súvrstvie, comprising limestone). A nearby site (15 in Table 3 ), farther from the pluton margin (~160 m north of it and ~80 m below it) yielded heat production of ~3.3 W m -3 . Second, a similar effect is observed farther east, where measurements along the road between Hodruša-Hámre and Kopanice (sites 18-21), at points ~300-600 m away from and ~50-100 m below the intrusive contact yielded heat production of ~2.5-2.9 W m -3
. Farther away from this intrusive contact (~700 m from it and ~200 m below it), north of the eastern end of Hodruša-Hámre, another site (34 in Table 3 ) yielded heat production of just under 4.0 W m -3
. Third, along the traverse west of Hadová the heat production ranges from ~3.5 W m -3 at the eastern edge of the granite outcrop (site 47) to ~4.9 W m -3 ~350 m farther west (site 50), this being the highest heat production value that we observed. These sites are ~200-450 m away from, and probably ~100-200 m below, the contact with rocks of magmatic phase 1 to the southeast. However, immediately east of these sites at the eastern edge of the granite outcrop (separated by a zone of 'argillite', so contact relations are unclear) is an outcrop of dioritic rocks of the 'Banisko Intrusive Complex' of Chernyshev et al. (2013) . These persist eastward for several kilometres, although likewise only hundreds of metres from the contact (to the south) with older rocks, and have heat production in the range ~1.9-2.7 W m -3 (including sites 6, 7, 8 and 46 in Table 3 ). In the light of the previous observations of compositional zoning in other plutons, we tentatively suggest that these rocks might represent the relatively mafic rim of the Štiavnica pluton, rather than being a separate set of small stocks, of almost the same age as this pluton and clustered around it, as Chernyshev et al. (2013) have suggested. By analogy, the contact between granodiorite forming a small outlier of the Štiavnica pluton near the Hodrušské Jazero reservoir (sites 13 and 14, with heat production ~3.1-4.1 W m -3 ) and rocks of the 'Banisko Intrusive Complex' ~300 m farther southeast (sites 10-12, with heat production ~2.3-3.3 W m -3 ) might provide further evidence of compositional zonation near the rim of what is in reality a single pluton. It follows that another compositional gradient might exist, southward between the dioritic northern part of the Štiavnica pluton (around Vyhne and Banky) and its granodioritic more central part (around Hadová), rather than the abrupt boundary between these two parts depicted on the geological map (Fig. 7) and by Chernyshev et al. (2013) . The most obvious departure from the characteristic inward trend of increasing heat production is the observation (at site 45, near Banky) of one of the highest measurements (~4.4 W m -3 ) at a point within metres of the mapped intrusive contact (adjoining metamorphic basement; schist and slate) at the northern rim of the pluton. At this stage we can offer no explanation for this apparently contradictory observation, other than to repeat that the composition of the diorite was different at this site from that which we sampled elsewhere; it is apparent from this anomaly and much else that this study region will benefit from more detailed investigation, beyond the scope of the present study. Pending further investigations, the Hadová traverse arguably provides the clearest evidence of compositional zonation of the Štiavnica granodiorite; in addition to the aforementioned increase in heat production away from the margin of the pluton, corresponding increases in potassium and uranium concentration and in the proportion of the heat production caused by the uranium are also here evident (see Table 3 and the online supplement).
Thermal state of the study region
In principle, one might hypothesize given the young age of the Štiavnica pluton (~13 Ma; Fig. 3 ) that it might still be cooling following intrusion and the resulting transient heat loss might explain the higher heat flow relative to surrounding areas (Fig. 4) . Nemčok et al. (2000) presented calculations for cooling at the 2.5 km depth of the top of a cylindrical pluton of 10 km diameter and 7 km vertical extent, at which depth the temperature prior to intrusion was assumed to have been 100 °C. The temperature at the centre of the top of the pluton was calculated to have been 750 °C on intrusion, decreasing to ~440 °C after one million years and ~350 °C after two million years, at which points in time the calculated cooling rate was ~150 °C Ma -1 and ~50 °C Ma -1
. These authors envisaged that this cooling occurred in part by thermal conduction and in part as a result of erosion, but did not fully specify their solution so it is not reproducible. Nonetheless, the progressively-decreasing cooling rates over time expected, in general (cf. Carslaw and Jaeger, 1959) , for solutions of this type imply (given the ~13 Ma timing of emplacement; see above) that significant residual heat remains present, potentially explaining the local high heat flow anomaly (Fig. 4) . However, the above scenario, of slow cooling of the pluton and its surroundings by heat conduction alone, leaving significant residual heat in the subsurface to the present day, is at odds with the rapid cooling indicated by the brief duration of the hydrothermal mineralization, for example the evidence of temperature well below 300 °C within two million years intrusion (section 2). A likely reason for this mismatch is that the published calculations underestimate the rate of heat loss from the pluton by omitting any effect of hydrothermal circulation in its surroundings; Nemčok et al. (2000) stated that the inclusion of hydrothermal circulation would over-complicate their model.
We are not aware of any published solution for cooling of a solid cylinder by convection in its surroundings. However, solutions exist for a sphere (e.g., Luikov, 1968) , and have been implemented as online calculators (e.g., by Recktenwald, 2013, using Matlab and by Binous and Higgins, 2013, using Wolfram Mathematica) . Since the Štiavnica pluton is roughly equidimensional, these solutions can be applied to it as an approximation. Cooling of a sphere of radius R, thermal conductivity k and thermal diffusivity  by fluid circulation in its surroundings depends on its Biot number, Bi, defined as hR/k, where h is the heat transfer coefficient relative to the surroundings. Fluid circulation outside the pluton is expected to cause h >> k/R, so Bi>>1; in these circumstances the timescale  required for the sphere to cool to its final steadystate temperature will approximate R 2 /. Taking  ~1 mm 2 s -1 as a rough estimate for granitic rocks, one obtains for example  ~0.8 million years for R=5 km or ~1.8 million years for R=7.5 km. The larger of these values, consistent with a pluton of diameter ~15 km (cf. Figs 3, 6(a) ), can thus roughly account for the reported duration of the hydrothermal activity. It follows that the transient cooling following the intrusion of this pluton ended circa the beginning of the Late Miocene; the small size of the pluton means that it is much too old to maintain a transient thermal anomaly. Since the ~40 mW m -2 excess heat flow in the Štiavnica upland relative to its surroundings (Fig. 4 and Tables 1 and 2) is evidently not a transient effect of cooling of the Štiavnica pluton, alternative potential explanations will now be considered.
Figure 10 here: model geotherms
An initial potential explanation of this heat flow anomaly is to assume that the measured heat production as high as ~5 W m -3 is representative throughout the vertical extent of the Štiavnica pluton. To account for the observed heat flow anomaly on this basis, under steady-state conditions, the pluton would therefore need to be ~40 mW m -2 / ~5 W m -3 or ~8 km thick. Solution 1 in Fig. 10 is calculated on this basis. As an alternative, it can be assumed that the heat production is concentrated in the upper part of the pluton, possibly as a result of upward migration of residual melt during solidification (cf. Rybach and Buntebarth, 1981) . Solution 2 in Fig. 10 is calculated on this basis, assuming downward exponential decay in heat production over a characteristic scale depth of 8 km. Either of these solutions can account for a near-surface geothermal gradient of ~36.7 °C km . Solution 3 shows an alternative solution for the geotherm, consistent with the same surface heat flow, in which the upward increase in geothermal gradient is caused by erosion (again, under steady-state conditions) with no contribution from radioactive heat production; the required erosion rate is rather high, 1.39 mm a -1 . This is evidently an end member of a range of possibilities; solutions 4 and 5 illustrate the combined effects of erosion and radioactive heat production, both of which can again account for the measured surface heat flow. Solution 4 assumes a scale depth for the radioactive heat production of 4 km and an erosion rate of 0.96 mm a -1 , whereas solution 5 assumes a scale depth of 8 km and an erosion rate of 0.28 mm a -1 . Overall, these solutions demonstrate a point noted by Westaway (2002) , that radioactive heat production and erosion rates can trade off against each other to produce very similar geotherms. Other solutions for the geotherm might also be feasible, taking account of the non-steady-state conditions that might be expected as a result of changing erosion rates caused by climate change during the Pleistocene (cf. Bridgland and Westaway, 2008a; Westaway et al., 2009 ), but are beyond the scope of the present study.
As already noted, the uplift rate indicated by the Hron terrace staircase has been ~0.15 mm a -1 since the early Middle Pleistocene, which would require a spatial average erosion rate of, likewise, ~0.15 mm a -1
, if the landscape is in a steady state. The greater relief of the Štiavnica upland, compared with the Hron valley, implies higher rates of uplift and denudation (cf. Westaway, 2002) . Conversely, if the Štiavnica pluton was unroofed at a steady rate, this rate can be estimated as ~2500 m / 13 Ma or ~0.2 mm a -1 ; climate change during the Pleistocene might be expected to have caused this rate to be exceeded. Overall, we consider that the thermal state of the Štiavnica upland might be governed by an erosion rate as high as several tenths of a millimetre per year. This implies, given the range of solutions for the thermal state in Fig. 10 , that the radioactive heat production in the pluton is maintained over a substantial vertical extent (scale depth or extent of uniform heat production approaching 8 km).
Isostatic equilibrium of the study region
One might also address the Štiavnica upland through considerations of isostasy, utilizing the measured Bouguer gravity anomalies (Figs 5 and 6(c) ). It is well established that the radioactive heat production in crystalline rocks shows a general inverse correlation with density (e.g., Rybach and Buntebarth, 1982, 1984) , as a result of lower density having a general correlation with content within the crystal structure of relatively large cations such as potassium. Clearly, if the isostatic configuration of the Štiavnica upland were simply due to the presence of relatively low-density granitic rocks surrounded by higher-density country rock, as is widely observed elsewhere (e.g., Bott and Masson-Smith, 1957 ), one would be readily able to make estimates of the mass deficit associated with the intrusion from the magnitude of its gravity anomaly and by applying standard theory (derivable subject to the standard assumption of Airy isostasy) linking the uplift over it to its density contrast and vertical extent. The top of the pluton near its centre is ~800 m above sea-level, where in many localities it is overlain by maybe ~100 m of country rock, comprising the various sedimentary and metamorphic formations already mentioned. Remšík et al. (2001) have reported that the top of 'pre-Tertiary' basement in the caldera, on the NE, eastern and SE flanks of this pluton, is ~1500 m below sea-level. The average height of the present-day land surface in these localities within the caldera is ~500 m, but the evidence from the Kalvária and Kyhisýbel necks, which erupted through the caldera fill (Fig. 3) , indicates, say, ~500 m of local erosion. Neglecting any thickness of rocks other than those emplaced during the phase of caldera filling (phase 3 in Fig. 3) , the full thickness of caldera fill, preceding erosion, can thus be estimated as ~2500 m. One may therefore estimate, very crudely, that during the development of the 'resurgent horst' the top of the Štiavnica pluton has uplifted by ~2300 m (from ~1500 m below to ~800 m above sea-level) in response to the erosion of the presumed same former thickness of ~2500 m of caldera fill (cf. Nemčok et al., 2000) that formerly overlay it. The rough equivalence between these instances of uplift and denudation is as expected for isostatic compensation of erosion under steady-state conditions (e.g., Westaway, 2002) .
Nonetheless, as already discussed, the densities of the granodiorite and the basement rocks though which it intruded are similar; this particular case study thus does not follow the usual pattern of granitic intrusions having significantly lower density than the surrounding country rock. We investigate this issue using the Bouguer gravity anomaly dataset (Figs 5 and 6(c) ). In the Javorie upland, the Bouguer anomaly is -19 mgal at Vigľašská Huta -Kalinka (at the point marked in Fig. 5 ) it rises to a maximum of -17 mgal ~5 km farther east, and decreases to -28 mgal ~2 km farther north and ~3 km farther west and to -22 mgal ~2 km farther south. There is indeed no simple pattern of a negative Bouguer gravity anomaly associated with a low-density granitic pluton, as might have been expected.
In the Štiavnica upland, the Bouguer gravity anomaly is -22 mgal at Banská Štiavnica (at the point marked in Fig. 5 ; see, also, Fig. 6(c) ). It decreases westward to a minimum of -23 mgal at the centre of the Štiavnica pluton, with higher values, circa -21 m at the northern and southern margins of the pluton around Vyhne and Hodruša-Hámre. In the 'resurgent horst' it rises to -16 mgal in the south around Vysoká, but decreases to a minimum of -24 mgal (i.e., less than at the centre of the pluton) in the north around Sklené Teplice. In the caldera, the Bouguer anomaly reaches minima of -26 mgal southeast, -30 mgal east, and -39 mgal northeast of Banská Štiavnica. The pluton thus has a very small negative Bouguer anomaly compared with the -20 mgal mean of the values in the rest of the resurgent horst, but it has a positive Bouguer anomaly relative to the circa -32 mgal mean for the surrounding caldera. Here, too, there is thus not the 'expected' pattern of a negative Bouguer anomaly relative to higher-density surroundings; the caldera fill is evidently less dense than the pluton itself. Chernyshev et al. (2013) alluded to one potential explanation for the uplift of the Štiavnica 'resurgent horst', first suggested by Konečny (1971) , as a consequence of intrusion of rhyolitic magma synchronous with the rhyolitic eruptions during phase 5 of the magmatism (Fig. 3) . This concept appears to have arisen because Konečny (1971) envisaged an analogy with the Valles caldera in the western USA (cf. Smith et al., 1961) , which experienced large-scale rhyolitic activity in the Early Pleistocene. We do not see any clear analogy between these two magmatic centres; nonetheless, this hypothesis can be tested using the gravity dataset, by calculating the difference in Bouguer gravity anomaly g as a result of the presence of a laterally infinite layer of thickness H and density contrast , using the standard slab formula:
where G is the universal gravitational constant. From Tenzer et al. (2011) , rhyolite has a typical density of 2207225 kg m -3 (1), making  circa -500 kg m -3 relative to the local basement rocks. Thus, if the ~2500 m of uplift of the 'resurgent horst' was a consequence of intrusion of H=2500 m thickness of rhyolite (cf. Konečny, 1971) , a resulting Bouguer anomaly of circa -50 mgal can be predicted. However, no such anomaly is evident between this horst and its surroundings (Fig. 6(c)) ; indeed, as has been noted above and in this Figure, the Bouguer anomaly is more positive in the resurgent horst. Notwithstanding its standing within the local literature, this particular hypothesis can now be excluded. On the contrary, the principal density contrast influencing the present-day configuration is between the H=2000 m maximum thickness of andesitic fill in the caldera (typical density ~2470 kg m , equation (2) gives g=-19 mgal, consistent with the observed maximum variation (between -39 mgal in the caldera and -20 mgal in the resurgent horst; see above). The local variation in Bouguer anomalies is thus consistent with this choice of densities, including the assumption that the granodiorite is indeed no less dense than the basement rocks into which it intruded. This lack of a negative Bouguer anomaly relative to its surroundings raises the obvious question as to how the Štiavnica pluton was able to ascend in the first place. We suggest that this was feasible, because at its time of solidification and emplacement this mass of granitic rock was hotter than at present, so as a result of thermal expansion its density was lower. Many studies have established that minerals present in the pluton, such as hornblende and ~50% calcic / ~50% sodic plagioclase, freeze at ~800 °C, providing a rough indication of the solidification temperature of this pluton. The density change  in any isotropic material, as a result of thermal expansion accompanying a temperature rise T, can be expressed as
where o is the initial density and  the coefficient of linear expansion. The value of  for granitic rocks can be taken (e.g., from http://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html) as 7.910 -6 °C -1
. Taking o=2700 kg m -3
, as before, one thus obtains =-51 kg m -3 for T=800 °C.
As regards the conditions that may be inferred during ascent of the granodiorite, with =-51 kg m -3 (the inferred typical difference between granodiorite at its freezing point and basement under ambient conditions) and H=8000 m one obtains (using equation (2)) g=-17 mgal. This exceeds the typical difference between the present-day Bouguer gravity anomalies in the pluton (estimated as -22 mgal) and in the surrounding caldera (estimated as -32 mgal), suggesting that at its time of emplacement the density of the pluton was low enough to enable it to rise relative to the caldera, even though its density now, after it has cooled, is too high. Although this argument does not help to constrain the thickness of the pluton directly, and notwithstanding the approximations involved, it requires the pluton to have a substantial thickness; for example if it were only 3000 m thick then cooling would have only increased its Bouguer gravity anomaly by ~6 mgal, indicating that at its time of emplacement it would have been too dense to rise. Furthermore, it is evident that once the pluton had cooled to present conditions, the continued uplift across it (revealed by the local geomorphology) could no longer have been sustained by its buoyancy, and is evidently instead being driven as an isostatic consequence of continuing erosion (as was inferred in section 5.3). The heat production within this pluton (Table 3) warrants recognition as a significant factor contributing to the geothermics of the region, previous works (e.g., Remšík et al., 2000 Remšík et al., , 2001 having regarded this region's thermal groundwater as heated through circulation at depth, without consideration of local radioactive heat production.
6…Conclusions
We have reported 62 sets of measurements of radioactive heat production from central-southern Slovakia, obtained using a modern portable gamma-ray spectrometer. The majority of these determinations are for intrusive and extrusive igneous rocks of the Late Cenozoic Central Slovakian Volcanic Zone; however, we have also made some determinations, for comparison, from (pre-) Variscan basement rocks. Sites in granodiorite of the Štiavnica pluton are thus shown to have heat production in the range ~2.2-4.9 W m -3 , this variability primarily reflecting variations in content of the trace element uranium. Sites in dioritic parts of this pluton have a lower, but overlapping, range of heat production, ~2. 1-4.4 W m -3 . Sites that have been interpreted in adjoining minor dioritic intrusions of similar age have heat production in the range ~1. 4-3.3 W m -3 . The composition of the main Štiavnica pluton is zoned, with potassium and uranium content and radioactive heat production typically increasing inward from its margins, reflecting variations observed in other granodioritic plutons elsewhere (e.g., Bateman and Nokleberg, 1978; Tindle and Pearce, 1981) . It is indeed possible that the adjoining dioritic rocks, hitherto assigned to other minor intrusions of similar age, located around the periphery of the Štiavnica pluton, in reality provide further evidence for zonation of the same pluton. The vicinity of this pluton is associated with heat flow ~40 mW m -2 above the regional background. On the basis of our heat production measurements, we thus infer that the pluton has a substantial vertical extent, our preferred estimate for the scale depth for downward decrease in radioactive heat production being ~8 km. Nonetheless, this pluton lacks any significant negative Bouguer gravity anomaly. We attribute this to the effect of the surrounding volcanic caldera, filled with relatively low-density lavas, 'masking' the pluton's own gravity anomaly. We envisage that emplacement of this pluton occurred when it was much hotter, and thus of lower density, than at present, its continued uplift, evident from the local geomorphology, being the isostatic consequence of localized erosion. The heat production in this intrusion evidently plays a significant role, hitherto unrecognized, in the regional geothermics. Table 1 : Cermak (1979) heat flow data -on a separate sheet Franko et al. (1995) heat flow data -on a separate sheet (1)...mean value from portable gamma-ray spectrometer measurements, expressed 2. (2)...mean value derived from portable gamma-ray spectrometer measurements, scaled as discussed in the text to convert to percentage by weight of K2O, also expressed 2. (3)...value determined by geochemical analysis (Chernyshev et al., 2013) , again expressed 2. Fig. 2(a) of Chernyshev et al. (2013) . The Carpathian Arc is delineated by the Carpathian accretionary prism, which in the Western Carpathians follows the borders between Slovakia and the Czech Republic and Slovakia and Poland, to the north (Fig. 1) . The Internal Carpathian structural units depicted include the AlCaPa Block, bounded to the south by the Mid-Hungarian Fault Zone (emboldened), and including the sutured remains of ancient terranes such as the Tatra-Fatra Belt and Vepor Belt (see the main text). Chernyshev et al. (2013) . Phases of magmatism are numbered to match the presentation of our heat production results in Table 3 . As regards 'phase 0', the (? pre-) Variscan basement, the large outcrop around Podkriváň is depicted east of the Javorie upland, whereas the smaller inliers around Lieskovec and Vyhne are also depicted, respectively east of Zvolen and NW of Banská Štiavnica. The Šibeničný Vrch neck east of Žiar nad Hronom, which is mentioned in the text as a constituent of the Late Miocene phase of basaltic andesite volcanism is labelled S. 'Phase 6', the youngest phase of alkali basalt eruption, is depicted at Brehy near Nová Baňa (labelled B), Ostrá Lúka SW of Zvolen (labelled O), Rakovec (labelled R), and at the Kalvária and Kyhisýbel necks east of Banská Štiavnica (jointly labelled K: the former circa UTM co-ordinates CU 45810 69734 and Křovák co-ordinates -437105 -1257568; the latter farther east, circa CU 47557 69606 and -435366 -1257783). This map is modified from Fig. 1 of Remšík et al. (2000) , with the addition of mine drainage adits using information from Bajtoš (2001) , Hudáček and Kubičková (2005) , and Karsten (2015) . Discharge occurs from many more mine drainage adits in this region (see Hudáček and Kubičková, 2005, ). The geology illustrated, which is excerpted from mapping dating back to 1984, differs somewhat from its modern representations in the online mapping (see Fig. 7 ) and by Chernyshev et al. (2013) (see Fig. 3 ). The principal normal faults depicted, which strike southward between Hodruša-Hámre and Vyhne, southwestward between Vyhne and Sklené Teplice, and northward between Sklené Teplice and Banská Štiavnica, delineate the 'resurgent horst' in modern interpretations (cf. Fig. 3) . However, the Štiavnica pluton, which crops out across much of this 'resurgent horst' (Fig. 7) , has been completely omitted from this depiction. (b) Map, modified after Franko et al. (1995) , of the central part of the study region, using geographical co-ordinates, showing locations of boreholes that provided the geothermal data in Table 2 . (c) Map of roughly the same area as in (b), showing Bouguer gravity anomalies (in mgal), from the http://mapserver.geology.sk/gravimetria/ online system. This map is indexed to the Křovák co-ordinate system; the co-ordinate grid (in km) provides scale. Placenames are indicated thus: B, Banky; BB, Banská Belá; BS, Banská Štiavnica; BSt, Bansky Studenec; D, Dekýš; H, Hliník nad Hronom; HH, Hodrušá Hámre; K, Kopanice; N, Nová Baňa; P, Pukanec; Ph, Podhorie; Po, Počúvadlo; SB, Štiavnicé Bane ; ST, Sklené Teplice; V, Vyhne; Va, Vysoká; Z, Žarnovica; ZH, Žiar nad Hronom (railway station). Note (cf. Fig. 3 ) the concentric circular pattern indicating the gravity high in the resurgent horst surrounded by the gravity low in the caldera. Table 1 ). The key includes codes used to label each Formation in the geological mapping. Fig. 8(a) . (b) Heat production, using the same format as Fig. 8(b) . Figure 10 . Graphs of predicted temperature (a) and geothermal gradient (b) for various hypotheses, assumed to involve steady-state conditions, representing the present-day thermal state of the Štiavnica upland. All solutions assume a Moho depth of 34 km, consistent with Franko et al. (1995) , a surface temperature of 8 °C, and a thermal diffusivity of 1.2 mm 2 s -1
Online supplement
. Solution 1 is for uniform heat production 5 W m -3 across the uppermost 8 km of the crust and zero heat production elsewhere. Solution 2 is for heat production at the Earth's surface Yo=5 W m -3
, decreasing downward exponentially with a scale depth D=8 km. Theory for these solutions has been published many times (e.g., Lachenbruch, 1970; Westaway and Bridgland, 2014) ; in both cases, basal heat flow of 70 mW m -2 is assumed. Solution 3 is for steady-state erosion at a rate U=1.39 mm a -1 , with temperature being maintained at a steady basal temperature Tb=700 °C at 32 km depth. Theory for this solution has bene published by Stüwe et al. (1994) and Westaway (2002) . This 32 km depth is adopted (here and for solutions 4 and 5) based on the assumption that isostatic compensation is maintened by lower-crustal flow subject given the Moho depth and crustal thermal state (cf. Westaway, 1998) . Solution 4 assumes a combination of erosion and radioactive heat production with Yo=5 W m . See text for discussion. Čermák (1979) . The heat flow measurement at Banská Štiavnica is from Boldizsár (1964) ; those at Rudno nad Hronom, Pukanec, and Kremnica are from Lizoň (1975) . Universal Transverse Mercator / Military Grid Reference System co-ordinates are in zone 34U. Notes: 1: The borehole could not be located on the online geological map, so the approximate geographical co-ordinates given by Čermák (1979) were converted to UTM co-ordinates and thence to Křovák co-ordinates. 2: The approximate geographical co-ordinates given by Čermák (1979) were used to locate borehole on online geological map. The Křovák co-ordinates thus indicated were converted to UTM co-ordinates. 3: The approximate geographical co-ordinates given by Čermák (1979) were used to locate the vicinity on Google Earth. The UTM co-ordinates thus indicated for the entrance to Klinger Kratka Mine were converted to Křovák co-ordinates. 4: Heat flow q has been calculated (as c  k) from values of c and k reported by Čermák (1979) . Čermák (1979) determined different values for heat flow, respectively 70.0, 68.7 and 75.0 mW m -2 for boreholes D-14, PO-86, and KL-2. For boreholes D-14 and PO-86 the cause of these discrepancies appears to relate to the calculation of topographic corrections (cf. Čermák, 1977) . 5: Heat flow q and the geothermal gradient c were reported by Čermák (1979) , from which thermal conductivity k has been calculated (as q / c). 6: Boldizsár (1964) and Čermák (1979) only reported the heat flow q, not corresponding values of c or k, which are therefore not determined (ND). 7: Values of c, k and q reported by or derived from Franko et al. (1995) . Note that these differ from the corresponding values from Čermák (1979) ; we cannot explain these discrepancies. 
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